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Highly ordered growth of Fe and Co clusters on alumina on Ni 3 Al(111)

Template mediated growth of metals has attracted much interest due to the remarkable magnetic but also catalytic properties of clusters in the nanometer range and provides the opportunity to grow clusters with narrow size distributions. We have grown wellordered Fe and Co clusters on the ultrathin aluminium oxide on Ni 3 Al(111), a template with a 4.1 nm lattice. The structure of the ≈ 0.5 nm thick oxide film exhibits holes reaching down to the metal substrate at the corners of the (√67 × √67)R12.2°u nit cell. Pd atoms trapped in these corner holes create metallic nucleation sites where Fe as well as Co clusters can nucleate and form a well-ordered hexagonal arrangement on the oxide nanomesh.

We have studied the morphology of these Fe and Co clusters and applied different methods like scanning tunneling microscopy (STM) and surface x-ray diffraction (XRD) to determine the morphology and crystallographic of the clusters. For Fe we found cluster growth in either bcc [110] or bcc[100] direction, depending on the deposition temperature and for Co we found close-packed planes on top of the clusters and random stacking of fcc and hcp planes.

I. Introduction

Template mediated growth of metals has attracted much interest not only due to the remarkable magnetic properties [1][2][3][4][5][6][START_REF] Brune | Physics and Engineering of New Materials[END_REF][START_REF] Brune | [END_REF][9][10][11][12][13][14][15][16][17][18] but also due to catalytic properties [19][20][21][22][23][24][25][26][27][28] of clusters in the nanometer range. Intrinsic properties of bulk materials change as soon as surface and interface effects start to play a role. 1,3,4,[START_REF] Brune | Physics and Engineering of New Materials[END_REF]10,11 Templates are not only a means to grow regularly arranged clusters but also provide the opportunity to grow clusters with a narrow size distribution by simple evaporation, taking advantage of the fact that the capture zones of equidistant clusters have equal area. Other techniques like colloidal chemistry, soft landing from the gas phase or deposition of clusters from the liquid phase give less control over either the arrangement or the size distribution of the clusters. Thus, self assembly on template surfaces is a perfect way of growing well-defined arrays of nanoclusters. 3,14,15,17,[29][30][31][32][33][34] Nanoparticles (e.g. colloidal Co nanoparticles 35,36 ) used in catalysis offer not only the advantage of a large surface area available for the catalytic reaction but also the presence of catalytically active sites on different facets and on the edges of the nanoparticle. 27,28 Recent studies of oxide supported metal nanoparticles show an enhanced catalytic activity of nanoparticles in the presence of oxide phases. [37][38][39][40][41][42] Growing nanoparticles with well-defined size and structural properties is an essential prerequisite to understand the details of adsorbate-surface interactions and finally the catalytic reaction.

An essential characteristic for technological applications of nanostructures made of magnetic materials such as Fe and Co (e.g. magnetic storage media) is the magnetocrystalline anisotropy energy (MAE), which affects the thermal stability of the collective magnetic moments of nanostructures in the superparamagnetic state. 3,4,5,6,11,13,14,15,17,18 Besides the dependence of the MAE on the material, the size and shape of the clusters are crucial. Many previous investigations show an enhanced MAE and orbital magnetic moment for structures in the subnanometer and nanometer range compared to the respective bulk systems due to the lower symmetry of atoms at the surface. 3,4,[START_REF] Brune | Physics and Engineering of New Materials[END_REF]9,10,16 For proper investigations and applications of magnetism at the nanoscale, obtaining clusters with well-aligned easy axes and monodisperse size distribution is a key challenge in order to obtain well-defined magnetic properties. 3,4,5,6,7,13,17 Therefore, a detailed investigation of the morphology and the crystallography is required to understand magnetic and catalytic properties of nanostructures.

In particular, ultra-thin alumina on Ni 3 Al(111) offers ideal properties for template mediated growth of self-organized 2-dimensional arrays of clusters. This template is especially useful because it combines large distances between the nucleation sites (4.1 nm) with the possibility to grow three-dimensional clusters, allowing us to tune the cluster size in a range of more than two orders of magnitude. The structure of this ≈ 0.5 nm thick oxide film, which has been solved recently, 43 exhibits holes reaching down to the metal substrate. These holes, located at the corners of the (√67 × √67)R12.2° unit cell, are large enough to trap any kind of metal atoms, but only Pd atoms have been trapped in these holes so far. The applicability of this alumina film as a template with a 4.1 nm lattice for growing well-ordered metal clusters of Pd and Pd/Au has been noted already before the structure of the oxide was known. 44,45 The unmodified oxide is not a good template for most other metals, 46,47,48 which was explained by a barrier for other metal atoms preventing them from jumping into these corner holes. 43 We have shown that the corner holes can be filled with Pd atoms and, hence, a metallic nucleation site can be created where other metal atoms such as Fe and Co can nucleate and form a well-ordered arrangement, too. 43 In the current work, we exploit this method and study the morphology and structure of these clusters in detail.

II. Experimental Setup

Scanning tunneling microscopy (STM) measurements were carried out in Vienna, in an ultrahigh vacuum (UHV) system with a base pressure below 10 -10 mbar. For cleaning the surface of the Ni 3 Al(111) crystal, we used 2 keV Ar + sputtering and annealing to roughly 1100 K. The cleanliness of the crystal surface was verified by Auger electron spectroscopy (AES) and STM. As high temperatures would lead to evaporation of Al from the surface, the annealing temperature should not significantly exceed 1100 K. The alumina film was grown at a temperature of 1000 K and an oxygen pressure of 3 × 10 -9 -5 × 10 -9 mbar for several hours; this typically corresponds to a dose of ≈ 40 Langmuir (1 Langmuir = 10 -6 torr‧s). Compared to higher pressures but the same oxygen dose, slower oxidation results in a more homogenous surface, covered with the (√67 × √67)R12.2° phase over large areas and fewer domain boundaries. By this preparation procedure the formation of the other phases, i.e., the "stripe" phase 49 and the hexagonal (√79 × √79)R17° oxide phase also observed on this surface, 43 could be avoided. The exact preparation procedure for growth of the desired (√67 × √67)R12.2° oxide structure is not exactly the same for all single crystals of nominal composition Ni 3 Al; e.g. some crystals may require postannealing at approx. 1150 K after oxidation; we consider it likely that the exact stoichiometry of the crystal plays a role. 43 Deposition of palladium, cobalt and iron was done using liquid-nitrogen cooled electron beam evaporators (Focus EFM3). High-energy ions have been deflected by a retarding-voltage applied at the end of the nozzle of the evaporator to avoid creation of defects in the oxide film which could act as additional nucleation centers for metal atoms 50 . The deposition rate was calibrated by a quartz crystal microbalance.

The STM measurements have been obtained at room temperature (RT) in constant current mode using a customized commercial STM (Omicron µ-STM) and an electrochemically etched W tip. All preparations made in this system have been checked by STM after oxidation and deposition of 3 Pd atoms per unit cell respectively, previous to the deposition of Fe or Co clusters, in order to verify a good quality of the template surface.

In addition to STM, structural properties of Co and Pd clusters were investigated by surface x-ray diffraction (SXRD) in the Surface under Ultra-high Vacuum (SUV) laboratory of the beamline BM32 at the European Synchrotron Radiation Facility (ESRF) in Grenoble. The experimental setup allows the simultaneous in-situ measurement of grazing incidence small angle x-ray scattering (GISAXS) during deposition of the clusters with water-cooled electron beam evaporators (Focus EFM4) from the onset of cluster formation to coalescence. SXRD and GISAXS measurements were done at a wavelength of  = 0.06262 nm. The incident angle  i of the x-ray beam for SXRD was 0.5° and for GISXAS measurements 0.2° (Fig. 6), very close to the critical angle for total reflection 51 . For these measurements, we have used a crystal well characterized by STM; in addition, prior to the x-ray measurements the sample preparation was checked with reflection high-energy electron diffraction and AES.

III. Results and Discussion

A. The oxide

The aluminum oxide used in this work as a template for growing well-ordered metal clusters has a (√67 x √67)R12.2° unit cell (related to the Ni 3 Al(111) surface) with a p6 symmetry. 52 Fig. 1 shows two STM images of the alumina film measured at a tunneling voltage of 3.1 V (a), where the "network structure" appears, and 2.3 V (b), respectively, to visualize the "dot structure". 52,53 In both images two unit cells are drawn at the same position of the sample. The corners of the unit cells are sixfold symmetry axes of the oxide film and marked by hexagons; the two threefold axes in the cell are marked by triangles in Fig. 1(b). The sixfold sites at the corner of the unit cell are visible as dark depressions in the "network structure" or bright protrusions in the "dot structure"; these are holes down to the metallic substrate as described above; see Ref. 43 for more details. Also the threefold sites are defects; there an Al triangle is found at the metal-oxide interface instead of the usual Al hexagons, with three instead of 2 interface Al atoms binding to oxygen. Besides the sixfold and threefold sites the oxide exhibits defects, which are visible in Fig. 1(b) as small bright dots (some marked by circles), less prominent than the corner holes. These extra defects possess no strict long-range order, but they are all close to a threefold axis of the unit cell.

While STM images taken at 2.3 V are advantageous to reveal the ordering of the oxide and the extra defects (Fig. 1b), we employ STM images taken at 3.1 V to study the geometrical properties of metal clusters grown on top of the oxide (see below).

B. Fe and Co nucleation on the unmodified oxide

In general, metals on oxide surfaces have a low work of adhesion and clusters growing on oxide films show bad wetting 54 while thin metal films on metal surfaces show good wetting and layer-by-layer growth in many cases. [START_REF] Brune | Landolt Börnstein Series: Physics of Covered Solid Surfaces[END_REF] Particularly it has been shown for the very similar alumina film on NiAl(110) that Pd and Co clusters exclusively nucleate on defects and on step edges. [START_REF] Napetschnig | [END_REF] Moreover the high chemical affinity between Al and O atoms should not allow Fe and Co atoms to bond to any oxygen atom of a defect-free oxygen-terminated alumina surface. Thus, the lowest energy for metal atoms deposited on alumina on Ni 3 Al(111) would be in the corner holes, followed by defects. Fig. 2 shows two STM images taken at 3.1 V where (a) 0.1 nm Fe and (b) 0.06 nm Co has been deposited at RT on the clean oxide surface. The coverages stated in this work are readings of a quartz-crystal microbalance, i.e., the film thickness averageed over the sample area, assuming bulk density. At first glance the arrangement of the Fe clusters in Fig. 1a seems to be random without any long-range order. However, the upper insert in Fig. 2a shows a fast Fourier transform (FFT) of a map derived from the STM image where only the cluster centers are marked as points. The sharp spots in the FFT correspond to a distance of 4.1/3 nm, i.e., the periodicity of the "network structure". The lower inset shows an STM image taken at 2.3 V of 0.01 nm Fe deposited at the same conditions with the same scale as the large STM image of Fig. 2a. As mentioned before, at this voltage the corner holes appear bright and are marked as cross points of the white lattice. The arrows in the inset mark the Fe clusters. In this image it is clearly visible that the nucleation sites of Fe atoms neither match the corner holes nor other high-symmetry positions of the lattice. We consider it likely that Fe clusters nucleate at the extra defects described above [circles in Fig. 1(b)].

Thus, clusters nucleating on these defects occupy positions close to the threefold sites, but only a subset of the threefold sites have a cluster nearby. Nevertheless, sharp spots appear in the FFT of the cluster positions. Both the partial occupation and random deviations from the threefold site only increase the background, but do not lead to blurring of the spots (this is comparable to the Debye-Waller factor in diffraction).

Therefore it can be concluded that these defects are the main nucleation sites for Fe atoms on the unmodified oxide. Fig. 2b shows the Co clusters deposited at RT. Similar to Fe, Co atoms do not nucleate in the corner holes, which are marked as the cross points of the white lattice in Fig. 2b. Obviously, Co nucleates close to or at the three fold axes of the unit cell, thus it forms a honeycomb lattice, with the corner holes left empty. As Co occupies a larger fraction of the threefold sites, the long-range order of its lattice is more apparent than that of Fe. This indicates that Co occupies also regular threefold sites that do not have a defect nearby. As mentioned above, neither Fe nor Co can overcome the barrier to jump into the corner hole at RT. 43 Increasing the temperature does not help; our STM experiments have shown that at temperatures above 570 K metal atoms nucleated in the corner hole become invisible, which we attribute to diffusion of metal atoms from the bottom of the corner hole into the Ni 3 Al bulk or below the aluminum oxide. Hence, the deposition temperature is limited to 570 K.

C. Fe and Co nucleation with predeposition of Pd

As mentioned above, in contrast to Fe and Co atoms, Pd atoms are trapped in the corner holes, indicating a small or vanishing barrier for Pd. In Ref. 43 it is demonstrated that the hole is large enough to be filled with three Pd atoms without creating an adatom. This result suggests to create a template with well-ordered metallic dots embedded in the oxide, i.e., the Pd atoms in the corner holes, by predeposition of 3 Pd atoms per corner hole (3 Pd atoms per unit cell; this corresponds to an average coverage of 0.003 nm). From now on we will refer to predeposition of 3 Pd atoms as Pd seeded. If we think of the barrier for Fe or Co atoms as some kind of Ehrlich-Schwoebel barrier step edges 57,58 [Fig. 3(a)], then we can obviously reduce the barrier by filling the holes and thereby allow Fe and Co atoms to nucleate on top of the Pd atoms in the corner holes. The inset in Fig. 4 shows an STM image of the alumina with holes each filled by 3 Pd atoms in average and taken at 3.1 V (prior to Fe or Co cluster deposition). In contrast to empty corner holes of the unmodified oxide [dark corner hole, see Fig. 1(a)], filled corner holes appear flat or as protrusions in the STM image (gray or bright). We note that not all corner holes appear equally bright which is easily explicable as the number of Pd atoms will not be exactly 3 in all corner holes. Nevertheless, it seems that the distribution of the number of Pd atoms per corner hole is narrower than a purely statistical (Poisson) distribution. In that case, we would expect 20% of all corner holes to be filled with less than 2 Pd atoms. Given the atomic diameter of Pd (0.275 nm) and the thickness of the oxide (≈0.5 nm), we consider it very unlikely that a single Pd atom lying deep at the bottom of a corner hole would be sufficient for Co or Fe to overcome the step barrier. After Co or Fe deposition we find, however, that almost 100% of the corner holes are occupied by clusters (from a statistical distribution 80% would be expected). This indicates that the distribution of the number of Pd atoms per corner hole is narrower than a statistical distribution, probably because excess Pd outside the hole (i.e., the 4 th Pd atom) is bound more weakly than the Pd in the hole and diffuses to a site with stronger binding. We believe that almost all holes are filled with at least 2 Pd atoms and cluster vacancies (dark spots in the STM images) only appear at defects of the oxide where the corner hole is missing.

As mentioned above, the oxide with holes filled with Pd atoms can be heated to ≈ 570 K after Pd deposition without a modification of the template surface due to diffusion of Pd atoms from the bottom of the corner hole into the Ni 3 Al bulk or below the aluminum oxide. One can therefore use this template for deposition of Fe and Co clusters at elevated temperatures up to 570 K. Fig. 5 shows 0.1 nm Fe (a) and 0.06 nm Co (b) clusters deposited at 470 K after filling the corner holes with 3 Pd atoms. Fe clusters deposited at 470 K show good ordering, i.e., they nucleate at the Pd-filled corner holes. This is not very different from the situation found of the RT deposition, apart from fewer clusters nucleated at defects between the corner holes (Fig. 5a). Co clusters, nucleating also on top of the 3-fold sites when deposited at RT, now grow on top of the corner holes only, similar to Fe (Fig. 5b). Hence, the additional kinetic energy of the Co atoms at 470 K is sufficient for escape from the potential energy well at the 3-fold sites, and Co nucleation in these sites is suppressed.

By combining the results from above we can schematically draw the potential energy surface for Fe and Co adatoms on the clean oxide and the modified oxide with corner holes filled by Pd atoms (Fig. 3b). The corner hole is the deepest well in the energy potential surface, i.e., the most favorable adsorption site (hexagons in Fig. 3b), but only accessible for Fe or Co when filled with Pd atoms (bottom panel; filled hexagons). Without predeposition of Pd, an energy barrier prevents Fe and Co from jumping into the empty corner hole. By filling the corner holes with Pd the barrier vanishes for Fe and Co. The second best nucleation sites are the defects and the threefold sites (open circles and triangles in Fig. 3b). Nucleation at these sites is different for both metals; obviously the energy minimum at the threefold sites of the ideal oxide structure is to shallow for nucleation of Fe atoms but for Co it is deep enough to allow nucleation at these sites. They are no stable nucleation sites for single Fe atoms on the defect-free unmodified oxide. Also the defects close to the threefold sites are not very favorable for formation of stable Fe nuclei, i.e, rather shallow minima of the potential energy for Fe adatoms as indicated in Fig. 3(b). As soon as deep sinks for Fe atoms are created by pre-deposition of Pd it will be improbable for Fe atoms to meet at the defects on the oxide, which would be required to form a stable nucleus. Therefore, after predeposition of Pd, only few clusters can be found between the corner holes (Fig. 5a). For Co atoms the threefold sites are stable nucleation sites up to a deposition temperature of about 470 K. We cannot determine the significance of the extra defects for Co. These defects are close to the threefold sites of the unit cell, thus we cannot distinguish between Co clusters at a threefold site and one at a defect. Given the similarity of most properties of Fe and Co, we consider it likely that Co clusters nucleate on these defects instead of the perfect threefold site if a defect is available. Possibly there is also one broad energy minimum extending between the defect and the threefold site next to it.

The difference in RT growth between Fe and Co may be related to a deeper potential well for Co at the threefold sites as suggested in Fig. 3(b) and/or it may be the consequence of a different size of the critical nucleus: In the gas phase, bonding in the Co 2 molecule is much stronger (167 kJ/mol) than in Fe 2 (75 kJ/mol); the values on the oxide are probably somewhat lower. This suggests that an Fe 2 dimer on the oxide is not stable at RT while Co 2 should be stable, and hence, creation of a stable nucleus should be more easy for Co than for Fe.

D. GISAXS of well ordered Co clusters

Prior to SXRD (see below), GISAXS measurements were done at the ESRF in Grenoble in order to verify the spatial arrangement of the clusters and, thus, a proper preparation of the aluminum oxide film. Fig. 6a shows a schematic view of the geometry used for the GISAXS measurements. The GISAXS measurements were done in-situ during deposition of Co clusters at 470 K (Pd seeded) on top of the oxide. Fig. 6b-d show the images obtained at three different Co coverages; the inserts show corresponding STM images acquired in separate experiments with the same growth conditions and the same coverage. Fig. 6b has been taken after the onset of cluster formation at a coverage of 0.18 nm. The direction of the incident x-ray beam has been aligned in the (11) direction of one superstructure domain, i.e., parallel to a closepacked row of clusters. Therefore, the in-plane coordinate q || of the GISAXS contains the information about the spatial arrangement of the clusters. The two side maxima correspond to the distance of the rows of clusters, which is 4.1 × 3/2 nm in real space (sketch in Fig. 6a). Hence, these correlation peaks, found at q || = ± 1.77 nm -1 in reciprocal space, confirm the arrangement visible in the STM images. Already at a Co coverage of 0.18 nm we find a weak background at lower q || (Fig. 6a) corresponding to larger distances in real space. This background becomes stronger with increasing coverage. Below coalescence of the well-ordered clusters, this distribution is attributed to areas with badly ordered clusters at domain boundaries or areas with a disordered oxide. The GISXAS measurement shown in Fig. 6c was taken at a Co coverage of 0.54 nm, soon after the onset of coalescence of clusters when the correlation peaks start to diminish. The corresponding STM image shows coalescence of some of the clusters. Due to coarsening, new broad peaks appear at q || = ± 0.96 nm - 1 . With increasing coverage, these peaks move towards lower q || and broaden due to a loss of correlation. According to STM and GISAXS data coalescence is completed at a coverage of 1 nm, shown in Fig. 6c. At this stage, GISAXS as well as Fouriertransformed STM images show a complete loss of the original hexagonal arrangement of the clusters, and the peak in the reciprocal space is at q || = ± 0.71 nm -1 , which corresponds to a typical distance of clusters in real space of 8.8 nm. This is in good agreement with the result of the STM images taken at the limit of coalescence where the calculated Radial Autocorrelation Function shows a typical distance between the clusters of 9.3 nm.

Line profiles parallel to the q || direction of the correlation peaks in the 2D GISAXS measurements are an indicator of the correlation length and, hence, the domain size.

Before coalescence we find a width at half maximum (FWHM) of the peaks of roughly 0.1 nm -1 . This corresponds to 60 nm in real space, which is in good agreement with the domain size found by STM.

E. Height distributions of well ordered Fe and Co clusters

As a first step to determine the morphology of the clusters, we need to measure their height. At low coverages, where the oxide surface between the clusters can be still reached by the STM tip, we can measure the cluster height by STM. Unfortunately, this is not straightforward. If thin layers of insulators are measured by STM the apparent height of the insulating layer is significantly different from the geometric height 59 and depends on the tunneling voltage [START_REF] Napetschnig | [END_REF]60,61 . In particular, for a bias voltage that lies in the band gap of the oxide, the oxide appears thinner than the real thickness, i.e., the tunneling current is low due to a lack of states available for tunneling. We follow the procedure in Ref. [START_REF] Napetschnig | [END_REF] , where bias-voltage dependant height measurements have been made in order to determine the geometric heights of the clusters. Fig. 7a shows the average height of well-ordered Fe clusters as a function of the tunneling voltage. The clusters were obtained by RT deposition of 0.06 nm Fe, i.e., in average 107 Fe atoms per cluster (Pd seeded). The oxide, measured at tunneling voltages in the band gap, will always appear thinner than it's geometrical thickness (0.5 nm), therefore the clusters will appear too high in this voltage range. In other words, the maximum apparent height measured for voltages in the bandgap is an upper limit of the cluster height. On the other hand the apparent height of the oxide must be larger than zero and, hence, from Fig. 7a we conclude that the real cluster height is in the range of 0.3 to 0.7 nm. At to the conduction band edge, between 2 and 3 V, the apparent height of the oxide increases and thus the apparent height of the clusters clusters drops decreases. Therefore, we expect an apparent height of the clusters that is close to the real one at voltages near the conduction band edge. In this work the STM images were usually acquired at 3.1 V. Fig. 7(b) shows a height histogram of Fe cluster heights measured at 3.1 V (based on the same preparation as Fig. 7a). Two distinct peaks are visible; the peak separation is 0.14 nm, which can be identified as the interlayer distance of Fe bcc (100) planes (0.143 nm). According to the arguments presented above, the apparent height at this voltage must be close to the true cluster height [cf. Fig. 7(a)]. As the peaks must correspond to an integer multiple of the interlayer distance, i.e., 0.14 nm, they could correspond to either 3 and 4 ML or 4 and 5 ML [the top axis of Fig. 7(b,c) assumes that the apparent height of the oxide at 3.1 V is equal to its true height]. If we assume truncated spheres to be the clusters shape, for a given height and number of Fe atoms per cluster (107 atoms per cluster) the diameter of the cluster can be easily calculated [START_REF] Napetschnig | [END_REF] . Assuming that the Fe cluster heights of the peaks in Fig. 7(b) correspond to 3 and 4 ML, this calculation would result in an average cluster diameter of 2.6 nm, which is in contradiction to the diameter visible in STM (< 2.4 nm). For cluster heights of 4 and 5 ML the calculation results in an average diameter of 2.2 nm, a size that seems to be realistic according to the STM images. Hence, for obtaining the true (geometrical) height of clusters, roughly 0.09 nm has to be added to the apparent height at 3.1 V.

We have also determined the cluster heights of Fe clusters deposited at 570 K (Pd seeded) [Fig. 7(c)]. In this case, the mean coverage was 0.1 nm, resulting in an average cluster size of 160 Fe atoms per cluster. In contrast to growth at RT, now the distance of the peaks in the clusters heights histogram is not 0.14 nm but 0.2 nm, which is close to the interlayer distance of Fe bcc(110) planes (0.202 nm). This means that the crystallographic orientation of the Fe clusters depends on the deposition temperature.

For Co clusters, Fig. 8 In Fig. 8(b), we can assign the main peak to either 2 or 3 ML. Repeating the calculation described above we can exclude 2 ML because the cluster diameter would be calculated to be 2.6 nm, incompatible with the STM images (< 2.3 nm). If we assume a thickness of 3 ML for the majority of the clusters [i.e., the main peak in Fig. 8(b)] the result of the calculation is an average cluster diameter of 1.8 nm, so we conclude that this value is the correct one. The correction of the cluster height therefore amounts to 0.07 nm, similar to the one for the Fe clusters shown above.

For metal clusters we can assume that the difference between true and apparent height does not strongly depend on the cluster material. Hence, the correction for converting the apparent height measured at 3.1 V bias into a geometric height should be roughly the same for all Fe and Co clusters; the exact value can be determined by the requirement that an integer number of layers should be found. Here we have neglected a problem caused by the finite resolution of the STM, however: The clusters appear smeared out in the STM images, i.e., they appear lower. So we expect that we to have to add a slightly higher correction for small clusters, which have a smaller radius of curvature (smaller top facet), leading to underestimation of the cluster height; conversely, for larger clusters the correction should be slightly lower. This may explain the fact that the apparent cluster heights of the larger clusters [Figs. 7(c),8(c 

F. Contact angle of well ordered Fe and Co clusters

As the distance and the spatial arrangement of the clusters is known the drift in the STM images can be easily corrected and the density of the clusters can be measured from the STM images. From the known volume of the clusters, i.e., the average number of atoms per cluster and their height, we can calculate the diameters and the contact angles by the equations given in Ref. [START_REF] Napetschnig | [END_REF] . The results for Fe and Co clusters deposited at different coverages and deposition temperatures, all Pd seeded, are given in Tab. 1. We note that contact angle increases with increasing deposition temperature. This can be easily explained by a higher mobility of Fe and Co atoms at the surface at elevated temperatures, which allows more atoms to jump onto the top terraces of the clusters and thereby the clusters grow higher than at low temperatures.

At constant temperatures, we find that the contact angle does not depend significantly on the cluster size.

We consider it likely that the contact angle obtained at 570 K corresponds to thermodynamic equilibrium; this value is about 80° for both types of clusters, lower than the contact angle of ≈120° found for Co clusters found on NiAl(110). [START_REF] Napetschnig | [END_REF] This indicates a higher adhesion energy of the clusters on the oxide on Ni 3 Al(111), which might be due to the lower stability (higher surface energy) of this oxide compared to that on NiAl(110).

G. Structure of Fe and Co clusters after coalescence

For small clusters below coalescence, STM with atomic resolution on top of single clusters is not possible due to the high surface curvature. However, for high coverages above coalescence, some of the clusters show flat facets on top where atomic resolution is possible. Fig. 9 shows strongly high-pass filtered STM images of 2.8 nm Fe (a) and Co (b) clusters above coalescence deposited at 470 K (Pd seeded).

In these STM images two different cluster species are visible: small distorted clusters with a wrinkled top and a few larger flat clusters. The fraction of flat clusters depends on the temperature of deposition. Below 470 K deposition temperature, small wrinkled Fe or Co clusters are the dominant species while at higher deposition temperatures larger flat clusters can be seen more frequently. A possible explanation for the wrinkled clusters is lattice mismatch of neighboring clusters, e.g. due to different azimuthal orientation of the lattices, leading to polycrystalline clusters upon coalescence. The insets of Fig. 9 are atomically resolved STM images 3 nm wide taken on top of one of the flat clusters visible in the STM images. Both show a surface with roughly 6-fold symmetry, i.e., bcc(110) for Fe clusters and close-packed plane for Co. Hence, the STM images with atomic resolution of clusters above coalescence agree well with the cluster orientation derived from height histograms of clusters below coalescence.

H. SXRD of Pd and Co clusters after coalescence

Unfortunately, STM does not allow us to distinguish between fcc and hcp closepacked Co planes. Hence, SXRD measurements were carried out to clarify this remaining question, which is essential for understanding the magnetic properties 62,63,64,65 . In the following, we index the reflections using the hexagonal cell of As Pd clusters are more easy to prepare and measure by SXRD, due to the higher scattering power of Pd compared to Co, the oxide preparation and the possibility to measure the structural properties of the clusters was primarily tested with wellordered Pd clusters (confirmed by GISAXS) below coalescence grown at RT. The Pd coverage was 0.25 nm. The Pd clusters grow with (111) facets on top; this is confirmed by our XRD data showing a rod at (11) hex with peaks at L=0 and L=2.74. A radial scan across the Pd (1 1) hex rod at L=0.06, i.e. close to the (-2 0 2) cub Bragg reflection expressed in cubic indices, is shown in Fig. 10(b). From the position of the fitted Gaussian distribution the spacing between (1 1 0) hex planes can be calculated.

The double of this spacing is the in plane next neighbor distance of Pd atoms. We find d Pd-Pd = 0.273 nm, which is 0.8% less than the bulk next neighbor distance (0.275 nm).

The interlayer spacing we found in our data is 0.2248 nm, the same as bulk Pd direction and the orientation of a typical cluster measured by STM is 25° (the angle has been derived from an average of the clusters shape), a value that agrees to the data obtained from SXRD. We can now identify the angle between the oxide and the Pd clusters to be 12.4°. However, not all clusters are perfectly parallel aligned due to a rotational degree of freedom. This manifests also in the SXRD measurements as a broad angular distribution of the Pd (1 1 0) hex Bragg peak. At first glance, the azimuthal orientation is somewhat unexpected as the corner hole has a diameter of only 0.4 nm, too small for any structure that could transfer the rotational alignment from the substrate to the cluster, and also the ring of Al and O atoms directly surrounding the corner hole is not rotationally aligned with a low-index direction of the substrate. We note, however, that the oxide around the corner holes has rows of O and Al atoms deviating by about 2° or less from the 1 1 2  directions of the substrate. The distance between these rows is typically around 0.25 nm, thus it fits the Co-Co interatomic spacing, but not the distance between Co rows in a closepacked Co layer (0.217 nm). An overlayer with Co-Co distances parallel to the rows in the oxide will have an azimuthal orientation roughly parallel to the Ni 3 Al substrate.

Of course, this is not a coincidence: The orientation and distance of the O and Al rows in the oxide surface is due to the registry of the lower layers in the oxide on the Ni 3 Al substrate.

I. Layer stacking of Co clusters after coalescence

Knowing the azimuthal orientation of the Co clusters we can now proceed to study the layer stacking of the Co clusters. Fig. 12 

IV. Summary

We have demonstrated the applicability of alumina on Ni 3 Al(111) as a template with a 
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Fig. 4

 4 Fig. 4 shows two STM images of (a) 0.1 nm Fe clusters and (b) 0.06 nm Co clusters (Pd seeded). Pd, Fe and Co have been deposited at RT. In both cases, Fe as well as Co, all Pd-filled corner holes are covered by a cluster (cross points of the white lattice). Fig. 4(a) shows that Fe clusters now nucleate almost exclusively on top of the corner holes. However, Co clusters now occupy both nucleation sites, the corner holes and the 3-fold sites of the unit cell [Fig. 4(b)]. Hence, the density of Co clusters is roughly 3 times the density of the Fe clusters.

  shows the voltage dependant height (a) and a height histogram (b) of well-ordered Co clusters obtained by deposition of 0.06 nm at 470 K (Pd seeded). This corresponds to an average size of 80 Co atoms per cluster. The average height of the Co clusters measured as a function of the tunneling voltage shows a similar behavior as Fig. 7(a), dominated by the oxide, not the metal. According to Fig. 8(a) the height of the Co clusters is limited to the range of 0.4 up to 0.7 nm. In the height histogram, again measured at 3.1 V tunneling voltage, the peaks are separated by 0.2 nm, which is the interlayer distance of close-packed Co planes, i.e., either fcc(111) or hcp(0001) planes. For 0.1 nm well-ordered Co clusters (145 Co atoms per cluster) deposited at 570 K (Pd seeded) the same interlayer distance is found [Fig. 8(c)].

  )] are somewhat closer to an integer number of monolayers than those for the smaller ones [Figs. 7(b), 8(b)].

Ni 3

 3 Al(111) surface, with the in plane lattice constant a = 0.5022 nm (the Ni 3 Al(111) cell being twice as large as its fcc lattice) and the out of plane one c = 0.6151 (3 layers according to the fcc stacking of Ni 3 Al). Fig 10(a) shows a map of the reciprocal space projected in the surface plane were the Ni 3 Al(111) alloy unit cell is taken as the hexagonal basis (filled circles ). The lattice constants corresponding to a given radius in the reciprocal space are depicted.
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 0 2246) within the error bar. The Pd rod is rotated by -24.6° compared to the Ni 3 Al [101] direction (i.e. (11) in the surface cell reference) and a twin which belongs to the second rotational domain of the oxide can be found rotated by -35.4° (= 24.6° -60°) compared to the Ni 3 Al [101] direction. Fig. 11 shows a processed STM image of 0.23 nm Pd clusters deposited at RT. The facets on top of the clusters are triangular like shaped. From the Fourier transform of a large-scale image the Ni 3 Al [110] could be determined and is plotted in the figure. The angle between the Ni 3 Al [110]

  Assuming that the Co clusters do not change their structural properties upon coalescence, as has been suggested by the STM experiments, SXRD was performed at Co coverage of 2 nm, above coalescence, to ensure a sufficiently large diffracted intensity and a large number of layers for an unambiguous determination of the rotation of Co clusters and subsequently the type of layer stacking. The clusters were grown at 470 K. As the nearest neighbor distance of bulk Co atoms in a close-packed plane (d Co-Co = 0.25074 nm) is almost equal to the nearest neighbor distance of atoms in the Ni 3 Al(111) alloy surface, the Co (1 0) hex rod is located at the same radial distance as the (2 0) hex rod of the Ni 3 Al(111) alloy surface, i.e., the (1 0) hex rod of the fcc lattice of the Ni 3 Al(111) surface [Fig. 10(a)]. As the nearest neighbor distance of bulk Co atoms in a close-packed plane (d Co-Co = 0.25074 nm) is almost equal to the nearest neighbor distance of atoms in the Ni 3 Al(111) alloy surface, the Co (1 0) hex rod is located at the same radial distance as the (2 0) rod of the Ni 3 Al(111) alloy surface, i.e., the (1 0) hex rod of the fcc lattice of the Ni 3 Al(111) surface.
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 10 Fig. 10(c) shows a radial scan of q, the scattering vector component parallel to the surface, across the (2 0) rod at L=1.5. This would correspond to the (1 0 1) Bragg peak of hcp Co. An azimuthal scan at the same (H K L) shows a coincidence of the Co (1 0) hex rod with (2 0) rod of the alloy, which can be attributed to the same orientation of Co clusters as the Ni 3 Al(111) surface below the oxide. Due to the finite size of the clusters and to their mosaicity, the angular width of the Co rod is larger

  (a) shows a scan along the (2 0) rod. The large peak at q = 10.2 nm -1 can be identified as the (2 0 1) Bragg peak of the Ni 3 Al(111) alloy in the hexagonal cell. The scan was again performed 0.5° off the rod maximum in azimuth to increase the ratio of the desired Co signal to the (in this measurement) interfering substrate rod. The dashed grey line shows a pseudo-Voigt fit of the Bragg peak. After subtracting this fitted bulk peak, a peak at q = 15.1 nm -1 remains [Fig.12(b)]. This peak can be fitted byI(q) = C 5 /4 + cos(q d) ,a function that describes the scattering power of close-packed planes with random stacking and an interlayer distance d[START_REF] Guinier | X-Ray Diffraction in Crystals, Imperfect Crystals, and Amorphous[END_REF] [dashed in Fig.10(b)]. The peak in Fig. 12(b) results in d = 0.2067  0.0005 nm, the interlayer distance of close-packed Co planes (0.2035 nm for Co hcp). This confirms the interlayer distance observed in the STM height histograms. Hence, we conclude that Co clusters grow with roughly the same azimuthal orientation as the Ni 3 Al(111) surface below the oxide and with random stacking of close-packed planes on top of the corner holes.

4. 1

 1 nm lattice for growing highly ordered clusters of Co as well as Fe. Pd atoms trapped in the corner holes of the oxide create metallic nucleation sites where Fe or Co can nucleate and form a well-ordered hexagonal arrangement on the oxide nanomesh. We have studied the morphology of these Fe and Co clusters and applied different methods like STM, XRD and GISAXS to determine the morphology and crystallographic properties of the clusters.Fe clusters grow exclusively on top of the Pd atoms in the corner holes at temperatures ranging from RT up to 570 K. Co clusters deposited at RT nucleate at the Pd-filled corner holes, but also on a second site with 3-fold symmetry. Nucleation on these 3-fold sites can be avoided by deposition above 470 K, where also Co nucleates exclusively on top of the Pd atoms in the corner holes. As shown for Fe clusters without predeposition of Pd, our study also demonstrates that sharp spots in the Fourier transform of the cluster positions do not imply good ordering of the clusters. We explain the differences of cluster growth with and without Pd atoms in the corner holes by an energy barrier for diffusion of Fe and Co atoms into the corner holes. This energy barrier is small or vanishes for Pd atoms, allowing them to jump into the corner hole, which is the energetically most favorable nucleation site. The distance between the clusters of 4.1 nm, rather large for self-organized templates, and the high contact angles make it possible to grow fairly large clusters (≈1000 atoms) before coalescence occurs and the high degree of ordering disappears. Fe clusters deposited at RT grow with bcc (100) planes parallel to the substrate surface; clusters grown at elevated temperatures (above 470 K) have bcc (110) orientation. Co clusters exhibit close-packed planes on top in the temperature range for growing well-ordered clusters (470 -570 K). XRD measurements have shown that these Co clusters are neither fcc nor hcp but possess random stacking of close-packed planes.
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 2 Fig. 2. STM images (3.1 V/0.1 nA) of (a) 0.1 nm Fe and (b) 0.06 nm Co deposited at RT. The cross points of the white grids mark the corner holes. The upper inset of (a) shows a Fourier transform of the clusters centers in the STM image and the lower one an STM image (2.3 V/ 0.1 nA) of 0.01 nm Fe where Fe clusters are marked with white arrows.
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 34 Fig. 3. (a) Side view of the corner hole of the oxide with a nearby Fe or Co atom on top. (b) Schematic drawing of the potential energy surface for Fe as well as Co atoms.Empty hexagons symbolize the corner holes, filled hexagons the corner holes filled by 3 Pd atoms each, triangles are the 3-fold sites of the unit cell and circles are the defects (see also Fig.1).
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 5 Fig. 5. STM images (3.1 V/ 0.1 nA) of 0.1 nm Fe (a) and 0.06 nm Co (b) deposited at 470 K (Pd seeded). The cross points of the white grids mark the corner holes.
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 6 Fig. 6. (a) Sketch of the beam alignment with respect to the cluster arrangement in

Fig. 7 .

 7 Fig. 7. (a) Apparent average height vs. tunneling voltage of 0.06 nm Fe clusters deposited at RT (Pd seeded), (b) height histogram of the same preparation taken at 3.1 V and (c) height histogram of 0.1 nm Fe deposited at 570 K (Pd seeded). The STM images were taken at 0.1 nA keeping the position of the STM tip constant.
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 89 Fig. 8. (a) Apparent average height vs. tunneling voltage of 0.06 nm Co clusters deposited at 470 K (Pd seeded), (b) height histogram of the same preparation taken at

Fig. 10 .

 10 Fig. 10. (a) Map of the reciprocal space of the Ni 3 Al(111) alloy cell (H = 1, K =1), the oxide cell and the Pd as well as the Co unit cell. The radial gray lines at the Pd (1, 1) and the Co (1, 0) reciprocal lattice points mark the positions of the scans shown below. (b) Radial XRD scan across the Pd (1, 1, 0) Bragg peak and (c) radial scan across the Co (1, 0, 1.5) Bragg peak.
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 11 Fig. 11. Processed STM image of 0.23 nm Pd clusters deposited at RT. The substrate
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 12 Fig. 12. (2 0) rod of the surface after deposition of 2 nm Co clusters deposited at 470 K (Pd seeded), indexed in the alloy hexagonal cell. (a) with the Bragg peak of
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